Here, we firstly report the methodology for deconvolution of the mixed state in silicon-graphite anode and detailed mechanism on internal redox reaction between silicon and graphite and sequential influence on degradation of silicon-graphite anode. Our results provide an insight to design of materials and an electrode for high performance of a cell.
INTRODUCTION
Li-ion batteries have been the predominant power sources for electronic mobile devices for the last two decades, and their applications have widened to other emerging markets, such as electric vehicles (EVs) and energy storage systems (ESSs).
Thereby, high energy and high power density lithium-ion (Li + ) batteries are in high demanded and, of course, these require high capacity materials [1] . However, known high capacity materials often have disadvantages on some other properties such as poor cycle performance and safety.
Blending of different active materials can be an effective strategy to balance the merits and demerits of the individual materials, e.g. a blend of LiFePO 4 and Li [Li 0.17 Mn 0.58 Ni 0.25 ]O 2 cathode materials exhibits a balanced performance between energy and power density [2] . Recently, substantial electrochemical interactions between individual materials in blended cathodes during cell operation and their impact on cell performance have been reported [3] . This internal electrochemical interaction arises from the competition of reaction kinetics and thermodynamic potentials between the individual cathode materials, i.e. internal redox couple [3] . For anodes, the blending of different active materials, e.g. graphite and silicon, is also a well-known strategy to balance silicon's properties, i.e. high capacity but large volume change and pulverization, with that of graphite, i.e. low capacity but structurally stable, to achieve optimized performance [4, 5] .
Internal Redox Couple in Silicon-Graphite Anode and its

Influence on Degradation of Anode
Li-Si alloy has two distinctive material properties. Firstly, the Li + mass transport in Si is influenced by the mechanoelectrochemical coupling, i.e. the slowing of lithiation by the increased stress in the inner Si particle due to expansion of the lithiated outer layer of the Si particle [6] [7] [8] . The Gibbs free energy landscape as a function of lithium compositions is convex in shape, and the ground state phase of Li-Si alloy places near Li x Si (x≈2.33) that is the middle of usable maximum Li + content
in Li x Si (x=3.75) at 1 bar and 298K (ATP) [9, 10] . However, the Gibbs free energy of Li + intercalation in graphite continuously decreases until maximum intercalation limit (x < 1 in Li x C 6 ) [11] . These unique properties can predict the internal redox reaction between silicon and graphite during cycling of a full cell. Secondly, Li-Si alloy has an amorphous phase that is formed during the formation process, a pre-treatment for activation and stabilization of an assembled cell [12] . For this reason,
in-operando quantitative analysis of the changing Li-Si phases has been limited despite many studies on in-operando measurements, e.g. Neutron diffraction, X-ray diffraction, and X-ray microscopy [13] [14] [15] [16] . In order to improve overall cell performance, e.g. structural and cycling stability, volume changes and electrochemical degradation of anode should be thoroughly understood. Therefore, the mixed state of silicon/graphite anode under non-equilibrium operation conditions should be deconvoluted to the states of each material to reveal the characteristics of the internal redox reaction between silicon and graphite.
Here, we developed a methodology based on in-operando X-ray diffraction (XRD) for deconvolution of the mixed states.
This provides us with a quantitative measurement of Li + amount in each individual materials, silicon and graphite, during cycling. From the results of the quantitative analysis, we could explain why internal redox reaction in silicon-graphite anode occurs and how these internal redox couples are mechano-electrochemically related for the first time. In addition, their distinctive reaction mechanism during Li + insertion and extraction were evaluated based on electrochemical analyses, in-situ thickness measurement, and ex-situ soft X-ray absorption fine structure (XAFS). This work also covers a wide range of experimental results with variations of C-rates, size of Si nano-particles (NPs), type of graphites, areal capacity of cells and the blending of anode materials, which enables explication of the detailed mechanisms for lithiation/delithiation as well as degradation of a silicon-graphite anode.
EXPERIMENTAL Preparation of Electrodes:
Si/carbon nano-composite (SCN) was prepared as follows: Si nanoparticle was prepared by ball-milling process with micronsized Si powder followed by chemical vapor deposition to coat carbon on the Si nanoparticle using a custom-made rotary kiln. An additional surface treatment was carried out with coal tar pitch as the carbon source by mixing in a powder mixer and heating at 900 o C for 3h to complete the carbonization reaction. The size of the synthesized SCN particles was in the range of 5 to 15 µm observed by a Scanning Electron Microscope (SEM, Helios NanoLab 450HP, FEI). The specific capacity of SCN was 1460 mAh/g, which was measured using lithium half-cells with the SCN as the working electrode at a delithiation rate of 0.2 C.
Here, the areal capacity of electrode was 1.5 water with a mechanical stirrer for 10 min, followed by filtration within 5 min. The weight ratio between the NCM and the washing water was 1:3 (powder/water) over 10 min. The remained water was evaporated in an air convection oven at 720 °C overnight followed heat treatment at 720 °C for 5 h in flowing O 2 gas using RHK. The specific capacity of NCM measured by half cell discharge was 214.8 mAh/g. The operation scheme of the half cell with the cathode material was CC-CV charging and CC discharging modes at 0.2 C between 4.3 and 2.8V with a 0.05 C cutoff at 25 o C.
The cathode electrode was fabricated by roll-to-roll coating of a slurry consisting of NCM (96 wt%), Carbon black (2 wt%, Cabot Co.), and polyvinylidene difluoride (PVDF, 2 wt%, Solef) in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) on aluminum foil with 10μm thickness. The electrode was roll-pressed and dried under vacuum at 120°C in a custom-made line. A three-electrode pouch cell was prepared to characterize the individual electrochemical behavior of the cathode and the anode of a full cell. Lithium foil was placed in the middle of the bottom in order to minimize the over-potential [17] . During cycling, the individual electrode potentials were recorded versus lithium reference electrode. 
Preparation of Cells:
In-Operando XRD:
The high x-ray intensity for the operando measurements was achieved with the X-ray diffractometer installed at BL15XU in SPring-8 (Hyogo, Japan). The pouch cell was fully discharged down to 2.8 V with 0.2C rate, and placed between two aluminum plates having beryllium window in the same way described in the electrochemical evaluation section. The photon energy used for transmission through a pouch cell was 18.987 KeV, of which wavelength was 0.65297Å. All diffraction profiles were collected using 4 detectors (1D multichannel) in the range 0 < 2θ < 50 o . Sequential XRD profiles were obtained by exposure during 10 seconds every 1 minute for the operation of 1C and 2C rates, and every 2 minutes for the operation of 0.5C rate. The profiles containing the diffraction peaks of graphite and current collector, Cu in the range of 1.45 < q < 2.0 Å -1 were extracted, and were fitted using OriginPro ® to deconvolute and determine the phases of the graphite and their peak intensities. The previous crystallographic data of graphite [18] [19] [20] [21] [22] were referred for the fitting. The electrochemical data were measured simultaneously.
XAFS:
Ex-situ Si K-edge XAFS was measured at BL-10 in Ritsumeikan SR center. After fully discharging the cell, the cells were disassembled in an Arfilled glovebox. The anodes were rinsed with DMC for 5 minutes, set on carbon-taped specimen holders, loaded in to an airtight vessel, and then transferred to the BL-10 chamber without exposure to ambient air. The vessel was immediately evacuated, and the specimens were loaded into the measurement chamber with a vacuum level of 5ⅹ10 -8 Pa. The photon beam energy was from 1000 to 2500 eV with a resolution of 0.5 eV or less. The Si K-egde x-ray absorption near edge structure (XANES) of an anode was measured using the total electron yield (TEY, probing depth ~nm) and partial fluorescence yield (PFY, probing depth ~10-10 2 nm) [23, 24] .
Calculation of Lithium-ion Contents in SCN and Graphite:
Lithium half-cells with SCN, graphite, and composite of SCN and graphite as a working electrode were composed, respectively. The areal capacity of electrode was 1.5 mAh/cm 2 . Their charge/discharge potentials were measured at 0.05 C, which was presumed to be slow enough to measure pseudo equilibrium potential. Considering the mass ratio of SCN and graphite, the Li + contents in each component in the composite electrode at a certain potential were calculated by using the respectively measured SOC vs. potentials profile of the SCN and graphite. The calculated SOC vs. potential profile for composite electrode was well matched with the measured one. Through this process, the individual SOCs of each material could be separated and simulated in the various compositions.
Image Analysis: The cross sections of anodes were prepared using the ion beam cross section polisher combined with nitrogen cooling system and air isolation system (IB-19520CCP, JEOL), in order to prevent ion-beam damage and exposure to ambient air. These specimens were then transferred to SEM (Helios NanoLab 450HP, FEI) using the air isolation transfer system. The silicon NPs embedded into carbon in SCN were imaged in the Secondary Electron (SE) mode at an accelerating voltage of 2 kV, and magnification at ⅹ250000.
Sets of features corresponding to the Silicon boundaries needed to be extracted from the gray-scaled SEM micrographs. These grays-scaled images were converted to binary images, and the coordinates associated with the boundaries could be estimated. In order to preserve silicon boundaries and edges having large changes in intensity while selectively removing uncertain lines with small intensity fluctuations, L0 gradient minimization [25] (with weighting factor 0.009) was used, which is particularly effective for highlighting silicon boundaries. And morphological processing [26] (dilation / erosion) was used to preserve original object shapes. Otsu's method [27] was used to segment silicon (white, "1") and others (black, "0"). Note that, when silicon was overlapped in the image, silicon particles were partially divided manually. Finally MATLAB ® 2018a built-in function "regionprops" was conducted to calculate the average particle area and diameter. All algorithms were implemented using MATLAB ® 2018a (The MathWorks, Inc.).
METHODOLOGY: DECONVOLUTION OF MIXED STATE & PRESSURE ON GRAPHITE
After the formation process of cells, their coulomb efficiencies reach as high as over 99.8 %, so we ignore lithium loss due to the solid electrolyte interphase (SEI) formation and the deterioration of electrodes for one cycle. Thus, the Li + amount in only graphite and silicon are considered.
We are able to describe the following linear equation based on the assumption that XRD intensity of each phase is linearly proportional to the lithium content of each phase:
where, A k , B k , C k , D k , and E k are intensities of stage1, stage2L, stage2, stage3L, and stage4L, respectively, which are extracted from the fit results of XRD, and α, β, γ, δ, and ε are their coefficients converting the intensity of each phase into its capacity, respectively. φ k is the Li + content in silicon, and Capacity k is the capacity of a cell in the k th sequential data.
Only the signals from the phase transition of graphite in operando XRD can be detected because the Li-Si alloys are amorphous phases. However, according to Equation (1), the Li + amount in silicon can be reconstructed. Firstly, the pseudoinversion method [28] is applied to the XRD results of the graphite only anode, Cell B, and the coefficients were extracted (Figure 1(a) ). The intensities of Cu (111) The schematic of active material conditions at various SOCs is shown in Figure 2 (b), which can be depicted by the analysis of in-operando XRD analysis as previously described. From 2 to 3, Li + moves from SCN to graphite as shown in the Figure 1(c) .
Simultaneously, the pressure applied on the inner of silicon particles might be released, and Li + in the shell could also enter into the inner core due to the released pressure. Furthermore, we can estimate the corresponding potential of individual materials, graphite and SCN by aligning individual SOCs in to individual potential as shown in Figure 2 (c). During a cycle, the potential of silicon is higher than that of graphite might be due to two-phase lithiation where surface of the silicon particles is highly lithiated. However, the plots in the inlet in Figure 2 
RESULTS & DISCUSSION
Why internal redox reaction occurs? The phase of Li x C 6 could be determined by lithium amount in graphite and the phase of the shell of silicon particles could be also determined using the position of a phase transition from the XRD results. It is hard for Li + in the shell on silicon NPs to move into the inner of silicon because of evolved pressure due to volume expansion of the lithiated shell. We can assume that graphite interacts only with the shell of silicon particles. The difference of electrochemical potentials can be described at constant temperature and pressure by the following equation:
where corresponds to the phase transition from Li 2.3 Si to Li 3.25 Si that is located mostly on the surface of silicon due to the two phase lithiation [29] . The electrochemically active volume, presumably surface, to total volume of the silicon NP can be calculated as 70.7 % from the difference between the surface phase, Li 3.25 Si, and the measured total Li + content in silicon at 3 rd position of a phase transition. With the assumption that the reacted volume will be maintained after 3 rd phase transition, the lithiated state of the shell of silicon NPs can be estimated and, subsequently, the electrochemical potentials of μ and μ can also be calculated using the previously reported thermodynamic values [9, 10, 11] . (Supporting info figures for matching with XRD results) Here, the change in pressure is ignored and the pressure and temperature of this system are set to 1 atm and 297 K. Figure 4 shows the thermodynamic driving force during CV mode and rest. This is the driving force for the internal redox couple. Li + can move from silicon to graphite during CV mode. Our situation is different from the conventional solid-solution model for homogenous states, but is well described by Bazant's report for nonequilibrium and inhomogeneous state [34] .
In the experiment of a half cell, we could not see internal redox couple. Lithiation in a working electrode is regulated by constant current until set potential, 0.01 V where lithium content in Li x Si reaches x=3.75 [35] . However, lithiation in an anode of a full cell is regulated by the overall potentials difference of cathode and anode. The minimum potential of an anode (~0.1 V) during CC mode measured by 3-electrode set up was higher than that measured by a half cell experiment. Therefore, the potential applied on an anode at CV mode was lower than that in half cell.
As shown in Figure 2 (a) and Figure 5 , the internal redox couple appears in every case. At low C-rate (0.5 C, Figure 2(a) ), the individual SOC follows well with the calculated individual SOC. When C-rate increases to 1C and 2C ( Figure 5 (a) and (b) ), the sudden changes of Li + amount are smeared and the individual SOC of silicon becomes lower while that of graphite higher at lower total SOC range than 50%. This might be due to poorer C-rate capability of silicon than that of graphite [36] .
What causes an anode to degrade? : As shown in Figure 3 , the volume expansion of Li x Si causes high pressure on graphite.
This pressure evolution reduces the spacing of c-axis in graphite. Li-Si alloy itself also shows mechano-electrochemical coupling inside of them. Because Li x Si has the convex-shaped Gibbs free energy landscape as a function of x in Li x Si, the favorable phase of Li-Si alloy is Li 2.33 Si. The spherical geometry of silicon fundamentally leads to two-phase (de)lithiation.
Thus, (de)lithiation in an anode involves a complicated coupling between electrochemical reaction and mechanical stress. Li Figure 10 shows the cycling performance of the prismatic cell using improved materials, Graphite2 and Si 85nm. This cell exhibits good performance with capacity retention over 80% after 750 cycles.
The anode electrode have designed on the assumption that the phase of Li x Si would be x=3.75 at full lithiation. However, the phase of Li 3.75 Si cannot be reached in the operation of a full cell because of internal redox couple. The conventional design of electrode induces the internal redox couple and this internal redox couple facilitates degradation of a cell. Thereby, the design of anode electrode changed in order to reduce the internal redox reaction. In the new design, the content of graphite was fixed, and the content of SCN was 110% higher than that in the previous design. New anode electrode consisted of SCN (18 wt%), Graphite2 (79 wt%), and binder (3 wt%). In this design, the cross point of individual SOCs of SCN and graphite is higher SOC than that in the previous design as shown in Figure 11 (a). For this reason, we can estimate the status of a cell as following.
When adding 10 % SCN in the anode electrode, the reduction of internal redox reaction could lead to reduced time for CV mode as well as enhanced cycle retention. Moreover, whenever the design of an anode is changed, the potential of an anode during CV mode would be almost unchanged because of internal redox couple. Our expectation agrees well with experimental results such as the cycle retention, the ratio of the time for CV mode to the total charging time (Figure 11(b) ), and the individual potentials at the end of charging (Figure 11 (c) and (d) ).
CONCLUSION
In summary, we deconvolute the mixed state in silicon-graphite anode with the phases and potentials of individual material during a cycle. We can thereby measure Li + mass transport of individual materials quantitatively.
Our work finds and sheds light on the internal redox reaction between silicon and graphite, and the complicated coupling between electrochemical reaction and mechanical stress for the first time. The reversal of the difference of the electrochemical potentials between Li x Si and Li x C 6 drives the Li + mass transport from silicon to graphite during CV mode (internal redox couple). The internal redox couple would induce small amount of Li + to move in the inner of a silicon NP at the end of charge.
Sequentially, the energy barrier and the inhomogeneity of reaction in a silicon NP leads to Li + accumulation in the inner of a silicon NP during discharging process. Due to this Li + accumulation, the evolution of pressure on graphite suppresses the Li + intercalation into graphite (coupling between reaction and stress).
Based on the detailed mechanism, we show that new design of materials and an electrode have to be required for high performance of a cell. Our work provides new perspectives on the blending of silicon and graphite. and Li x Si becomes decreasing because of the internal redox couple between silicon and graphite. Because of inhomogeneous and nonequilibrium reaction, the over-reaction in rest would occur. The increase of peaks at 1843 and 1847 eV indicates the evolution of lithium silicate (Li x SiO y ) and silicon oxide (SiO x ) respectively which lead to the high impedance and low specific capacity retention [38] [39] [40] . The TEY XANES strongly support that (a) the surface degradation of silicon particles in the cell using Si 85nm is less than (c) that in the cell using Si 100nm after cycles. The start time of CV mode is set to 0 minute. After 17 minutes, the cell is in rest.
